We have recently reported that long-term memory retention requires synaptic glia for proBDNF uptake and recycling. Through the recycling course, glial cells release endocytic BDNF, a mechanism that is activated in response to glutamate via AMPA and mGluRI/II receptors. Cortical astrocytes express receptors for many different transmitters suggesting for a complex signaling controlling endocytic BDNF secretion. Here, we demonstrated that the extracellular nucleotide ATP, activating P2X and P2Y receptors, regulates endocytic BDNF secretion in cultured astrocytes. Our data indicate that distinct glioactive molecules can participate in BDNF glial recycling and suggest that cortical astrocytes contributing to neuronal plasticity can be influenced by neurotransmitters in tune with synaptic needs. Most studies focusing on astrocyte-synapse interaction point at identifying specific molecules and signaling pathways that unveils the impact of astrocytes on synaptic transmission and plasticity. In a recent publication, we provided clear evidence that long-term potentiation (LTP) requires synaptic glia for (pro)-brain-derived neurotrophic factor (proBDNF) clearance and subsequent recycling (Fig. 1) .
Most studies focusing on astrocyte-synapse interaction point at identifying specific molecules and signaling pathways that unveils the impact of astrocytes on synaptic transmission and plasticity. In a recent publication, we provided clear evidence that long-term potentiation (LTP) requires synaptic glia for (pro)-brain-derived neurotrophic factor (proBDNF) clearance and subsequent recycling (Fig. 1) . 1 The neurotrophin-uptake receptor p75 NTR is expressed on astrocytes, 2 that clear excessive proBDNF released at the synapse following LTP-inducing electrical stimulation. 3 Endocytic proBDNF is then released as mature protein, which provides a source of neurotrophin that is essential to sustain TrkB phosphorylation in postsynaptic neurons. [4] [5] [6] [7] [8] Given BDNF glial recycling, neurotrophin signaling is preserved for both strengthening synaptic activity and consolidating memory.
Astrocytes are not electrically excitable cells; thus, receiving signal from neurons at synaptic cleft is the most expected mechanism for these cells to regulate BDNF recycling. This provides a model by which astrocytes, that express receptors sensing transmitter release from active synapses, transduce internal signals leading to endocytic BDNF secretion. Astrocytes express receptors for many different transmitters and modulators, including glutamate, ATP, adenosine, and guanosine and display calcium signaling in response to their stimulation. 9 This raises the possibility that BDNF glial recycling is highly regulated, and suggests that complex activation of transmitter receptors on glial cells controls final neurotrophin availability. This idea, which proposes a novel mechanism in neuron-glia interaction, suggests that astrocytes are functional targets for multiple transmitters and they can respond to and, in turn, regulate plasticity in tune with synaptic needs. In support of this hypothesis, we provided clear evidence that in addition to glutamate the extracellular nucleotide ATP regulates endocytic BDNF secretion in cultured cortical astrocytes.
Recycling of BDNF for transmitter-induced secretion by astrocytes
To obtain insight on the triggering events responsible for endocytic BDNF secretion by astrocytes, we used astrocyte cultures from P1-2 rat cortices, in which basal and stimulated neurotrophin secretion were not detected. 3 Astrocytes were incubated with a mixture of precursor and mature BDNF isoforms (mix) for 10 min. This timing was chosen, as it correlates with sufficient proBDNF internalization in these cells. 3 Astrocytes were then placed in a perfusion chamber and the perfusate was collected at 5-min intervals. The quantity of BDNF in each fraction was determined by a 2-site immunoassay. [10] [11] [12] [13] We initially analyzed the role of high-potassium (40 mM KCl) that was described previously to promote secretion of gliotransmitters in cultured astrocytes. 14, 15 CONTACT Beatrice Vignoli beatrice.vignoli@unitn.it
This stimulation is also known to regulate the secretion of BDNF from neurons through a mechanism involving depolarization and calcium increase, 12,16-19 but whether it could also cause endocytic BDNF secretion by astrocytes is unclear. Treating cells for 5 min with KCl increased BDNF immunoreactivity (Fig. 2) . The release of BDNF augmented rapidly, with maximum levels in the perfusate being reached 5 min after the beginning of KCl administration. This indicates that depolarization regulates endocytic BDNF secretion in astrocytes.
Given high-potassium is known to increase intracellular calcium levels through the activation of voltage-gated calcium channels in cultured astrocytes, 20 we next sought to investigate whether the exposure of cortical astrocytes to stimuli known to raise intracellular calcium could mimic the effect of high-potassium on BDNF release. In support of this hypothesis, glutamate (500 mM) applied for 5 min to BDNF (mix)-treated astrocytes showed to trigger endocytic BDNF secretion (Fig. 2) . 3 The extent of BDNF secretion elicited by glutamate was similar to that observed after treatment with KCl, and BDNF levels peaked in the same fraction.Thus, astrocytes can provide endocytic BDNF secretion by sensing transmitter-mediated depolarization. This suggests that in physiologic conditions glioactive molecules rather than voltagedependent excitation induce astrocytes depolarization, 21 and BDNF secretion. In line with this idea, we have previously demonstrated that while high frequency (50 Hz) electrical stimulation induces endocytic BDNF secretion in cultured neurons, 11 the same stimulation in cultured astrocytes was not effective. 3 Our data clearly indicate that electrical activity is not sufficient to induce endocytic BDNF secretion from glial cells. 3 
ATP-mediated release of endocytic BDNF in cortical astrocytes
While secretion of endocytic BDNF from astrocytes uses glutamate as exogenous stimuli, 3 this is not necessarily restricted to this type of transmitter; rather it is likely expected that similar secretion of endocytic BDNF can be triggered by different transmitters. This prompted us to investigate whether cultured astrocytes could eventually release endocytic BDNF upon depolarizing conditions triggered by the extracellular nucleotides ATP, a well-known signaling molecules participating in synaptic transmission. NTR /proBDNF resides at peri-synaptic glia before routing to the secretory pathway; (iii) recycled proBDNF is processed to mature neurotrophin inducing TrkB phosphorylation in nearby neurons; (iv) which fulfills the function to mediate the switch from, early-to late-phase LTP; (v) BDNF glial recycling in astrocytes can profoundly impact visual object recognition memory. To address whether ATP may serve as a ligand for glial purinergic receptors that trigger endocytic BDNF secretion, we incubated astrocyte cultures for 10 min with exogenous BDNF (mix) and subsequently stimulated with ATP (100 mM) for 5 min (Fig. 3) . This elicited an increase in endocytic BDNF secretion that was comparable to that induced by glutamate administration (Fig. 2) , providing evidence that both transmitters induce endocytic BDNF secretion with similar efficacy. To obtain further insight into the mechanism of ATP-induced BDNF secretion from astrocytes, we used the ATP analogs 2-metilTio-ATP (50 mM) or a/ß-methylene-ATP (50 mM), specific ligands for ionotrophic P2X or metabotrophic P2Y purinergic receptors, respectively. Addition of ATPanalogs to BDNF (mix)-treated astrocytes produced a significant increase of BDNF in the perfusates (Fig. 3) . Our results indicate that P2X and P2Y receptors enable astrocytes to respond to ATP finally promoting BDNF release trough calcium elevation, a mechanism that was previously observed in microglia. 22 However, what intracellular signaling are involved in the release process are hotly debated issues that will require further investigations.
The extracellular nucleotide ATP is known to colocalize with conventional neurotransmitters at cortical synapses, from which it can be released upon presynaptic depolarizing stimuli or can be secreted from post-synaptic sites. 23 Astrocytes get in direct contact with the released neurotransmitters, 24 suggesting that secretion of endocytic BDNF from glial cells is potentially triggered by ATP. In the tripartite hypothesis of synaptic transmission, where astrocytes form a third effective component of the synapse, 25 glutamate and ATP trafficking from neurons to astrocytes can play a complex regulatory signaling for maintaining sufficient levels of BDNF according to synaptic requirements (Fig. 4) . As glial vesicular release of BDNF is regulated by neuronal activity, 21 astrocytes may then couple neuronal network activity to the local synaptic need of the neurotrophin. Such "on demand" supply of BDNF may serve to recruit active synapses at behaviorally relevant circuits; as those contributing to the recognition of learned objects in perirhinal cortex. 1 Overall, our results indicate that neurons may regulate glial BDNF recycling via the release of distinct transmitters, suggesting that neuron-astrocyte interaction can play a much more intricate and functional role in information processing coupled to cognitive functions than previously expected.
Glial cells are also skilled of inducing a local elevation of intracellular calcium. Surprisingly, whereas the calcium signals in glial cells is assumed to be dependent on IP3-mediated release from internal stores, very recent data demonstrated that cortical astrocyte signals depend on calcium influx through ATP-gated P2£1R ion channels. 26 This calcium elevation occurs in astrocyte fine processes, which lack IP3 receptors and in which sensory stimulation evokes rapid increases in astrocytic calcium that precede increases in blood flow. 26 These new data hint at the possibility that the calcium-dependent signaling pathways in different endfeet of the same astrocyte, which enwrap multiple distinct synapses, may be recruited differently according to network activity. Moreover, local calcium afterward spread (calcium waves) to adjacent astrocytes. Calcium waves are thought to propagate as a result of diffusible ATP that is required for distant calcium signaling. 27 This raises the possibility that ATP enable glial cells to function as cellular network competent for information processing and storage, features that are commonly assigned to neurons. 28 At the network level, the electrical stimulation of afferents is likely to activate several types of neurons and glial cells and, concomitantly, the release of ATP. Our results that ATP mediates endocytic BDNF secretion raise the possibility that glial network, with precise temporal and spatial regulation of BDNF release, actively participate in information processing and memory storage together with neuronal network (Fig. 4) . Reciprocal interactions between glial and neuronal networks may thus strengthen the ability to organize memory, and considerably expand storage capabilities. Whether BDNF glial recycling could act, as signaling mechanism involved in neuronal to glial network communication in the cortex and vice-versa is an attractive hypothesis that remains to be elucidated.
Material and methods
Release experiments were performed as described previously; 10 stimulations were obtained by high potassium (40 mM), glutamate (500 mM), ATP (100 mM) and the ATP analogs a/ß -methylene-ATP (50 mM) or 2-metilTio-ATP (50 mM). Treatment started 10 min after the beginning of perfusion and was maintained over a 5-min period. Two-site ELISA was used to determine the amount of BDNF in each fraction. [10] [11] [12] [13] 29 
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